Although carburization is not a typical occurrence in steam reforming furnaces, this localized damage can occur and its detection is an important issue. A magnetic sensor based in the magnetic flux density variation has been proposed for the carburization detection in samples coming from steam reformer tubes. A three-dimensional model, by finite-element method (FEM), supported the optimization and development of a magnetic sensor for the detection of carburized samples. The experimental results indicated that the developed sensor, with high sensitivity, allowed to detect regions with moderate carburization damages.
Introduction
Heat-resistant austenitic stainless steels are frequently used in petrochemical industry, especially in pyrolysis and steam reformer furnace tubes being exposed to temperature ranging between 600 and 1000 • C [1, 2] . Particularly, for the steam reformer furnaces, the main failure mechanism is creep. However, in rare cases, moderate and localized carburization also reported that the external surface presents a ferromagnetic response, being important to magnetically saturate it and thus, overpass this effect and measure the magnetic response of the carburized layer [6] [7] [8] [9] [10] . The carburization phenomenon occurs by the absorption of carbon at the inner tube wall, with the consequent precipitation of chromium carbides and depletion of the austenitic matrix in chromium content [11, 12] . Below a critical chromium content, the austenite matrix exhibits a ferromagnetic behavior at room temperature [6] , feature which allow to use magnetic sensors for the detection of carburization. Based on this statement, this work presents the development of a magnetic sensor to detect moderate carburization damages in HP tubes coming from steam reformer furnaces. Carburization damages are a common occurrence in pyrolysis furnaces. It has been reported magnetic sensors development to detect carburization up to 39% of the wall thickness [13] . However, in the present case of study, the samples present carburization up to 7.5% of the wall thickness, which requires the development of the magnetic sensor with high sensitivity in order to maximize the signal-to-noise ratio for detection of moderate and localized carburization damages. A model simulation was developed in order to optimize the characteristics of the magnetic sensor. The simulation was performed in COMSOL Multiphysics ® in which the geometry and the magnetic properties of the sensor were optimized. Thus, the magnetic sensor allowed to establish a correlation between the magnetic flux density and the presence of a carburized layer formed at the inner tube wall.
Materials and methods

Samples
Three samples were extracted at different heights from the same steam reformer tube, which was in service for 130,000 h. The outer diameter, thickness and length of the tested tubes are 134 mm, 16 mm and 200 mm, respectively. The chemical composition of the sample is shown in Table 1 . Metallographic samples were extracted from the tube cross-section for the analysis by microscopic and magnetic techniques. Table 2 shows the operating temperature of the steam reformer tube from which the samples were extracted. Metallographic samples were characterized by scanning electron microscopy (SEM) using the VEGA 3LMU TSCAN in the backscattered electron mode (BSE). The SEM analysis was performed close to the internal tube wall. The vibrating sample magnetometer was also used in order to obtain the magnetization curves along the tube thickness, on rectangular samples with 6 mm long and 1.5 mm wide and deep. The non-destructive evaluation was performed on the tube external wall. For each tube, the carburized region was removed in a depth of 1.5 mm along 60 mm in length. This procedure was used in order to compare the magnetic response in carburized and decarburized regions.
Development and optimization of the magnetic sensor
In literature has been reported the magnetic sensor development for detection of highly carburized pyrolysis wall tubes [7, 8, 13, 14] . It is commonly used a magnetization coil to saturate the magnetic effect of the external surface and then, an eddy current sensor is used to measure the carburization damages [7, 8, 14] . However, magnetic techniques for nondestructive evaluation in steam reformer tubes with moderate carburization damages has not been reported. The analyzed samples exhibited a maximum percent of 7.5% of carburized wall thickness. Owing to this, it was necessary to implement a magnetic sensor with higher sensitivity. It was developed a compact magnetic sensor in which the loop is closed on the tube external surface in order to saturate its magnetic effect [9, 10] . The sensor also allowed the detection of this moderate percent of carburization by using a Hall sensor positioned at its center. A computational simulation supported the sensor development, which allowed to optimize its geometry and magnetic properties. The simulation was performed in COMSOL Multiphysics ® software by using a magnetostatic 3D model, which allowed to set the suitable parameters for building an optimal magnetic sensor.
Results
Microstructural characterization
The SEM analysis, using the backscattering electron detector (BSE), was performed close to the tube inner wall. As shown in Fig. 1 , the sample C exhibits three different regions. On the left side is observed the bulk region (R1), followed by the carburized region (R2) and then, by a damaged zone (R3), composed by oxides and Fe-Ni. The bulk exhibits coarsened primary carbides and a fine secondary precipitation within the austenitic matrix. The sample with maximum carburized region presented a thickness of approx. 800 m, which microstructure is characterized by a coarsened interdendritic precipitates and a massive secondary precipitation. The damaged zone extends radially for approx. 400 m (darkest region). Table 3 shows the measurements of the carburized regions and the damaged zones for the three studied samples. The damaged zone was taken into account for the total thickness measurement. It is observed that sample C presented the thickest carburized region.
Magnetic characterization using the vibrating sample magnetometer (VSM)
The model simulation was developed using the magnetic properties of sample C, due to present the thickest carburized layer. The magnetization curves were obtained by using the VSM LakeShore7400 model, by applying a magnetic field strength (H) in a range up to 500 mT. As shown in Fig. 2 , when H is 500 mT, the external layer and carburized region presented a ferromagnetic behavior with magnetization of approx. 8 Am 2 /kg and 18 Am 2 /kg, respectively. The carburized layer exhibited the highest magnetic response, but no magnetic saturation is observed. In contrast, the external layer saturated at H = 80 mT. On the other hand, it is observed a paramagnetic response on the bulk. These magnetization curves were used as inputs for the FEM simulation.
Computational model
As described on Section 2.2, the sensors reported in the literature is commonly used for detection of high carburization levels. However, the studied samples present up to 7.5% of wall thickness carburization, which requires the improvement of the magnetic sensor sensitivity, maximizing the signal-to-noise ratio for detection of moderate and localized carburization damages. For this reason, it was necessary to improve the geometry and avoid losses caused by magnetic flux leakages. In addition, the sensor geometry was adjusted until an optimal design model which guarantees the best coupling between the magnetic sensor and the sample. A U-shaped core geometry (yoke) was taken into account to ensure the fit with the tube external wall, a tilt was also consider to guarantee a perfect coupling. In order to obtain results close to real values, the mesh was refined on the region of the magnets, on the carburized region and on the external surface, Fig. 3a . In the model was considered the use of a Hall sensor, element that allowed to measure magnetic variations in the experiments. For this model, tetrahedral elements were set with a minimum size of 0.06 mm. Fig. 3b shows the magnetic field density generated by the yoke, which is conducted through the entire sample thickness, switching the magnetic circuit. It is also observed a high magnetic flux density (above 500 mT) on the interface between the tube external wall and yoke, which ensures the magnetic saturation of the external layer [7, 8] . Considering the operating range of the Hall sensor, it was required a bias in order to guarantee the linear operation of the magnetic sensor.
By using the post-processed results from the FEM simulation, it was observed that the magnetic flux density is almost the same on the tube external layer, as shown in Table 4 . On the other hand, if compared the magnetic flux density on the internal tube wall, it is observed an increase of approx. 30% in the carburized sample.
Results obtained with a magnetic sensor
According to the model developed by computational simulation, the magnetic sensor was built, composed by a ferromagnetic U-shaped core, permanent magnets and a Hall sensor. The permanent magnets were placed at the core ends while the Hall sensor (MLX90242) was located at the U-shape core center. It guarantees that the Hall sensor is positioned on the axis of symmetry in order to reduce magnetic field losses. A magnetic bias was also used in order to guarantee the linear operation of the Hall sensor in approximately ±40 mT. The Hall sensor was powered by +5 V and the output voltage was acquired using a multimeter. Once the magnetic sensor is approximated to the tested sample, it is created a closed loop, as showed in Fig. 3b . Thus, it was possible to establish a correlation between the magnetic sensor voltage and the carburization level. Each sample was tested in order to measure the magnetic response and then, compare the results performed in carburized and decarburized regions. Fig. 4 shows the output voltage obtained with the magnetic sensor according to carburization level in samples with and without carburization damages. Carburized samples exhibit an exponential tendency as a function of the carburization level. It is also observed that decarburized samples present a lower magnetic response. However, its magnetic response tends to increase, this behavior may be related to the influence of the external layer [9] . Thus, for each sample, it is observed an increase of approx. 60% in the carburized region in comparison with decarburized region.
Discussion
The computational model allowed to optimize the geometry of the sensor and, thus, to avoid losses of magnetic flux when coupling the sensor on the tube external wall. In this way, a compact magnetic sensor was built in order to saturate the magnetic effect of the external surface and to detect the presence of moderate carburization damages, being a suitable system for the inspection in situ. The variation of the magnetic flux density, caused by the presence of different carburization contents, was measured by using a Hall sensor, positioned on the symmetry axis of the magnetic circuit. With the micrographs was established a correlation between the carburized thickness and the magnetic response, as shown in Fig. 4 . Thus, if compared carburized and decarburized regions of the same sample, it is observed a reliably separation between both regions. The magnetostatic sensor presented high sensitivity and repeatability for detection of moderate carburization damages in HP steels, presenting higher sensitivity if compared to literature studies [7, 8, 13, 14] , in which high carburization damages were measured. However, the sensor developed is being able to detect even 0.05 mm of carburized and damaged region in samples with 16 mm of wall thickness.
Conclusion
A new magnetic sensor with higher sensitivity was built in order to detect moderate levels of carburization in HP steam reformer tubes. A finite element simulation allowed to observe the distribution of the magnetic flux density along the sample thickness and, consequently, supported the sensor enhancement for setting the optimal geometry and magnetic properties. The final prototype allowed to successfully detect internal carburized damages with detection sensitivity above 50 m of the tube thickness.
